Introduction
When the common soil bacterium Bacillus subtilis is starved or exposed to any of a range of stresses, a complex signal transduction network is activated. This then leads to activation of the alternative RNA polymerase subunit σ B , which controls a stress response regulon composed of more than 150 genes (178, 378, 469) , of which the ctc gene has generally been accepted as the prototype representative (178). The genes from this σ B regulon encode proteins from several different functional categories, including transcriptional regulation, cell protection (like carotenoid biosynthesis and the expression of catalase activity), influx and efflux processes, and carbon metabolism (194) . The σ B response can be activated by two separate, but converging, branches of a very complex signal transduction network. These two branches are responsive to different stress signals, as follows: the energy stress branch (elicited by carbon, oxygen, or phosphate limitation) leads to the activation of RsbP, whereas the environmental stress branch (elicited by addition of, e.g., salt or ethanol) activates RsbU. Both RsbP and RsbU are specific phosphatases of the phosphorylated form of RsbV (phosphorylated on a serine residue), which indirectly leads to activation of σ B (for reviews, see references (178, 290, 469) ). Signaling through the environmental branch involves a large, complex structure, called the stressosome (106, 291), for sensory input. This structure is larger than 1.5 MDa, and contains the RsbS, RsbT, and RsbRA proteins and several paralogs of RsbRA (106, 231) . Activation of the stressosome leads to RsbT release, which in turn activates RsbU (105). It has been reported that the σ B response in B. subtilis can be activated with blue light via involvement of the phototropin homolog YtvA (16, 144, 448) . This protein contains a single LOV (light oxygen voltage) domain (198) that binds a flavin co-factor and shows an authentic photocycle with a very slow thermal recovery rate of its stable ground state (277). It functions in the environmental stress branch of the upstream signal transduction B 113 network that regulates activation of σ B . It is one of the paralogs of RsbRA, but so far, no evidence has been provided to show that YtvA forms an (integral) part of the stressosome. In this study we show that σ B can also be activated with light through the energy stress branch of this cascade, via the RsbP protein. This second light response is preferentially activated by red light. Significantly, transcriptome analyses confirm that YtvA-dependent and -independent light effects upregulate the σ B regulon.
Materials and methods

Bacterial strains and genetic manipulation
The bacterial strains, plasmids, and primers used in this investigation are listed in Table I . DNA manipulations and molecular genetic techniques were carried out using standard procedures. The strains PB565 (5), PB567 (485), and PB605 (54) were provided by C. Price (University of California at Davis) and were constructed using previously published procedures (Table I) . Escherichia coli MC1061 was used as the intermediate cloning host for plasmids prior to B. subtilis transformation. Strain PB565-605 was obtained by transformation of strain PB605 with chromosomal DNA of strain PB565. Transformants were selected on tryptic soy broth (TSB) agar plates, containing chloramphenicol and erythromycin, after overnight incubation at 37°C.
Construction of plasmids
The rsbP gene was amplified by using chromosomal DNA from B. subtilis 168 1A700, and the primers shown in Table I . A two-step PCR procedure was used to include an N-terminal hexahistidine tag and sites for restriction enzyme digestion. The PCR product was inserted into pCR-Blunt II-TOPO (Invitrogen), in order to obtain large amounts of insert, and subsequently digested with the enzymes PaeI (Fermentas) and SalI (Amersham Biosciences). The resulting restriction fragment was then ligated into the shuttle vector pDG148 (see Table I ), thus obtaining pRsbP. In this plasmid, rsbP is under the control of the isopropyl-ß-D-thiogalactopyranoside (IPTG)-inducible spac promoter. This construct is used for low-level overexpression in physiological studies.
Growth conditions and β-galactosidase assays
The medium used for these experiments was TSB (30 g/l), supplemented with 0.5% glucose, 5 μg/ml chloramphenicol, 1 μg/ml erythromycin and 10 μg/ml kanamycin, where applicable. Overnight cultures were grown in this medium in the dark, starting from a single colony of a fresh plate of the same medium. The overnight cultures were diluted and allowed to grow in the dark until they had reached exponential growth phase again, re-diluted in an end volume of 10 ml, and distributed over different 100-ml Erlenmeyer flasks to initiate an experiment. The Erlenmeyer flasks were placed in a shaking water bath at 37 °C and 250 rpm in the light or in the dark. Dark controls were wrapped tightly in tinfoil. Samples were taken at various time points; for dark controls, they were taken in the dark or with minimal background light. These samples were immediately transferred to an ice/water mixture and subsequently flash-frozen with liquid nitrogen for storage at −80°C. β-galactosidase activities were measured and expressed in Miller units according to reference (225).
Microarray experiments
For the YtvA-dependent experiment, strain PB565/pYtvA was grown as mentioned above, and IPTG was added as described previously (16) to cells grown exponentially in the dark and in the presence of light. For the YtvA-independent experiment, strain PB565 was grown in the presence and absence of light as described above, until cells reached the stationary phase. Samples were taken at different time points and immediately flashfrozen with liquid nitrogen and stored at −80°C. For both experiments, white light was used (see below), and two cultures (coming from two independent colonies) were grown in parallel as biological replicas. Microarrays were performed by comparing light and dark samples harvested at 120 min after IPTG induction for the YtvA-dependent experiment and at 390 min after inoculation (~100 min after the cells reached stationary phase) for the experiment on the YtvA-independent light effect.
RNA isolation
The RNA isolation protocol was adapted from an extraction method described previously (245). Briefly, cells were disrupted in a 2-ml screw-cap tube in the presence of 100-μm zirconium beads and sodium dodecyl sulfate (SDS)/phenol for 60 s in the Mini-beadbeater-8 (Biospec Products). After chloroform extraction, nucleic acids were precipitated, vacuum dried, and further purified with the ChargeSwitch total RNA cell kit (Invitrogen), according to manufacturer's instructions. RNA purity was verified by its absorption characteristics in the UV region using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA molecular weight (MW) profiles were verified with the 2100 electrophoresis bioanalyzer (Agilent Technologies). The RNA 6000 ladder (Ambion, Inc., Austin TX) consisting of 6 transcripts at a concentration of 20 ng/μl, and ranging from 0.2 to 6.0 kb in length, was used as a marker. In addition, a fast migrating 'reference marker' compound was added to all samples for software alignment of the electropherograms within one LabChip run (Agilent Technologies).
Synthesis and labeling of cDNA
From the isolated RNA, 1 µg was vacuum dried, and cDNA was synthesized by the use of random hexamer pd(N)6 primers (Roche, Mannheim, Germany), Superscript II reverse transcriptase (Life Technologies) and 2 mM dATP, 2 mM dGTP, 2 mM dCTP, 1.2 mM dTTP (Roche) and 0.8 mM aminoallyl dUTP (aa-dUTP) (Sigma). Subsequently, RNA was hydrolyzed in the presence of NaOH, and the cDNA solution was purified using QIAquick spin columns (Qiagen). The cDNA was eluted from the column with 30 μl MilliQ water and vacuum dried. For coupling of the Cy3 dye ester, DNA samples were suspended in 0.1 M Na 3 CO 3 buffer, pH 9.0, at room temperature. The Cy3 ester was added in a final concentration of 0.1 mM (Amersham Pharmacia) and incubated for 1 h at room temperature (RT) in the dark and purified using G50 AutoSeq columns (GE Healthcare). Quality and incorporation of the Cy3 dye were checked with the NanoDrop ND-1000 UV spectrophotometer.
Hybridization
The NimbleGen hybridization system was used to hybridize the probes to the oligos on the array. First, 4 μl of yeast tRNA was supplemented to each sample prior to the drying step. Dried nucleotides were suspended in 11.5 μl digoxigenin (DIG) Easy Hyb hybridization buffer (Roche) and 0.5 μl of the 50 mM C3-CPK6 48-mer suspension (NimbleGen). The mixture was incubated for 5 min at 95°C and transferred to a 42°C block, and hybridized on 60-mer B. subtilis subsp. subtilis strain NC_000964 microarray slides (Roche NimbleGen, Inc.). Hybridization was performed overnight at 42ºC in a NimbleGen hybridization system 4 (Roche NimbleGen, Inc.), according to the manufacturer's protocol. Microarray slides were washed for 10 s in 1× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.2% SDS at 37 ºC, for 10 s in 0.5× SSC at 37 ºC, and twice for 10 min in 0.2× SSC at room temperature. Slides were dried by the use of a nitrogen flow and scanned with a ScanArray 5000 laser scanner (PerkinElmer Life Sciences). The tagged image file format images were quantified with the NimbleScan software package, version 2.4 (Roche NimbleGen, Inc.).
Microarray data processing
The raw data were processed using Microsoft Office Excel 2002 Service Pack 2. The intensities of 8,208 spots per microarray, representing 4,104 different genes, were calculated by subtracting the median background (B) from the median signal (S). Values lower than 1 were set to 1. Each value was normalized based on the average signal (S-B) for that channel and array. This average channel signal was determined from spots with signals of at least twice the background level for both channels. Normalized spot intensities from duplicate spots on the array from 2 independent experiments were then averaged, and their light/dark ratios were determined and 2-log transformed.
Microarray data analysis
Data were analyzed in two independent ways. First, the 2-log ratios of all genes in the dataset were analyzed using T-profiler (45), adapted for B. subtilis (452). This tool uses ttests to determine the significance of the total changes in predefined groups of genes. Second, the significance of the changes in spot intensities for each individual gene was determined using Student's t-test on the normalized data (before averaging it). For this analysis, all genes for which the average (raw) signal fell below twice the average (raw) background signal were discarded, leaving 3,348 (82%) and 3,285 (80%) of the genes for the YtvA-dependent and the YtvA-independent experiments, respectively. The cutoff for a significant change was determined using a P-value of 0.05, corrected for multiple testing with the Bonferroni correction (i.e., 0.05/n, where n is the number of genes tested).
Microarray data accession number
Microarray data were deposited in GEO with accession number GSE19464 and microarray platform accession number GPL8614.
Illumination
Without further specification, 'light' refers to white light from a compact fluorescent lamp. exponential growth into stationary phase in TSB medium. The latter observation was fascinating as well as inexplicable at that moment, as the growth condition was such that ytvA is weakly expressed only (144). One of the possibilities that we proposed in our previous report to explain this observation was remaining activity of YtvA, either through leakage of the spac promoter or a low-level expression from its endogenous promoter.
Here we report on our further investigations of σ B activation upon entry of B. subtilis into promoter through β-galactosidase activity) in a strain (PB565) in which the ytvA gene had been deleted. Figure 1A shows that this strain grows slightly slower in a TSB medium containing 0.5% glucose than its corresponding wild-type strain, but the growth yield was not affected by white light of moderate intensity (see Materials and methods) in either of the strains. When the amount of β-galactosidase was assayed in cells from these cultures ( Figure 1B) , it turned out that light elicits a significant increase of the σ B response both in the wild-type and in the ΔytvA strain. This light-induced P ctc -lacZ expression coincides with entry of the cells into stationary phase (i.e. at ~240 min; Figure 1 ) and reaches a maximum after 1 to 2 h, followed by the decrease of β-galactosidase activity.
The RsbP/Q system is required for the light-dependent enhancement of σ B activation
As shown with the experiment in Figure 1 , it was clear that the stationary-phase response cannot be caused by YtvA, so we set up an experiment to identify the potential photoreceptor responsible for this second, 'late' light activation of σ B . From the fact that this is a stationary-phase response, we assumed that a component from the 'energy stress' signaling pathway, rather than the 'environmental stress' signaling pathway, would be involved. The former pathway has much fewer components, and one of those few, RsbP, has the typical characteristics of a signal transduction protein: it is composed of a Cterminal PP2C phosphatase domain and an N-terminal Per-ARNT-Sim (PAS) domain, and the latter could well function as a signal input domain to regulate the protein phosphatase activity of RsbP (485). The functioning of RsbP is strictly dependent on RsbQ (54). The latter protein shows sequence homology with hydrolytic enzymes and most probably plays a role in the maturation of RsbP (54, 217). To probe the involvement of RsbP in the light-dependent-but YtvA-independent-activation of σ B , we tested the σ B response in strain PB565-605, which carries a deletion in both rsbQ and ytvA. In Figure 2A , it is shown that this strain grows equally well in the absence and presence of light and is completely nonresponsive to visible light in its σ B response. To further probe whether RsbP/Q mediates the light-dependent activation of σ B upon entry into stationary phase, we constructed an rsbP overexpression plasmid (pRsbP), transformed it into the ytvA deletion strain PB565, and analyzed the σ B response of the resulting strain in moderate light, and in the dark, during exponential growth and in stationary phase ( Figure 2B ). The results obtained show that the extent of the light-dependent activation of σ B in stationary phase in this strain has increased compared to the level of activation in the corresponding wildtype strain. To complete this part of our studies, we analyzed the P ctc -lacZ-dependent transcription level of a strain (PB567) that contains a deletion of the rsbP gene. This experiment revealed that this strain also lacks the ability to activate σ B with visible light (data not shown).
Analysis of the light intensity and color dependence of the two lightresponses that activate σ B
To further discriminate between the two light activation pathways in the upstream signaling cascade of σ B from B. subtilis, we analyzed their light intensity dependence. The results, presented in Figure 3 , make it clear that the two responses differ strikingly in this respect, as follows: the YtvA-mediated response (which was measured in the YtvAoverproducing strain PB198/pYtvA because no significant light-induced difference can be observed in a wild-type strain on ctc-driven β-galactosidase expression in the absence of any other stress (16, 448)) saturates at very low light intensities, with a half-saturating -mediated stress response in a ΔytvA background. Strain PB565/pRsbP was grown in TSB medium. At −150 min (relative to the point of entrance into stationary phase), 1 mM IPTG was added to half of the cultures (diamonds; squares: no additions), and cells were incubated in the light or in the dark. Both panels show the results of a typical experiment, in which error bars indicate the variation of two biological replicates in one experiment. which these data can be recorded does not allow a clear conclusion as to whether or not a hyperbolic dependency of the magnitude of the σ B response on light intensity is observed in this latter response (we cannot exclude that this response has a sigmoidal character). Besides light intensity dependence, the other discriminative characteristic of a photosensory receptor is its spectral sensitivity. We therefore also analyzed the RsbP/Qdependent σ B response with light from two light-emitting diodes, with maximal emissions at 470 and 630 nm, respectively. Table II shows that-in contrast to the YtvA-mediated response, which shows no red-light sensitivity (16)-the RsbP/Q-mediated response actually is more responsive to red than to blue light. This is surprising, as neither phytochrome-nor retina-based photoreceptor homologs have been identified in the bacilli.
Transcriptome analysis of light induction of σ B
So far, experimental evidence on the activation of the general stress response by light has been derived only from the activity of the single promoter of ctc. To investigate this activation at the transcriptome level, we compared light and dark samples, taken during typical experiments for the two light responses, with microarray analyses (see Materials and methods). The results were analyzed using T-profiler, a tool that identifies significantly Table III shows the gene groups that were significantly upregulated in response to visible light in both experiments. Both the YtvA-dependent and the RsbP/Q-dependent responses result in a highly significant upregulation of the σ B regulon in response to light, confirming the observations made with the ctc promoter. The only other gene group that was significantly upregulated in response to visible light in stationary phase is a group of 10 genes that are regulated by Xpf, a sigma-like transcription factor involved in the regulation of expression from the prophage PBSX (298). In contrast, the YtvA-dependent light response in logarithmic growth phase resulted in a significant upregulation of the sporulation-specific σ F regulon, which is normally activated in the prespore during the early stages of sporulation (for a review, see reference (374)). In addition to the T-profiler analysis of gene groups, we also analyzed the data to identify the significantly up-and downregulated individual genes, using a stringent statistical analysis (see Materials and methods), the result of which is shown in Table IV . Of the genes with significant changes in expression, 12/16 (75%) and 6/13 (46%) genes are known to be part of the σ B regulon for the YtvA-dependent and the RsbP/Q-dependent experiments, respectively, confirming the upregulation of the general stress response as seen with T-profiler. One of the genes upregulated by the YtvA-dependent light response (yhcM) is known to be controlled by both σ B and σ F , which is also in line with the activation of σ F shown by T-profiler. The upregulation of the Xpf regulon observed by T-profiler for the RsbP/Q-dependent light response is also confirmed by the analysis of individual genes, as 2/13 of the most significantly affected genes are Xpf regulated (xkdK and xkdJ).
Discussion
B. subtilis is known to possess at least one photoreceptor, YtvA, which is able to activate the general stress response in the presence of blue light (16). In the present work, we have shown that there is another light effect in the energy stress signaling branch of the general stress response that is independent of YtvA. Using microarray experiments, we have confirmed that both light responses result in a significant upregulation of the entire σ B regulon (Tables 3 and 4 ). The observed level of upregulation of this regulon for the YtvA-dependent response is higher than the level of upregulation due to the RsbP/Qdependent response, which corresponds well with the observed differences between light and dark in our reporter enzyme assays (compare Figure 1B in this article with Figure 1D in reference (16)). To our knowledge, these are the first microarray data that show an effect of visible light on a chemotropic bacterium.
In the RsbP/Q-dependent light response in stationary phase, one also observes upregulation of the phage-related regulon of Xpf. Transcription of Xpf itself is controlled by σ B (378), but during exponential growth, this is insufficient to lead to induction of its regulon of late-stage PBSX genes (Table III) (378). The other known induction mechanism of PBSX is the DNA damage-induced SOS response, mediated by RecA and LexA (158, 433). However, the complete absence of induction of the rest of the SOS response regulon suggests that in addition to σ B , there must be an alternate, unknown regulatory mechanism for the Xpf regulon in stationary phase.
On the photobiology of B. subtilis
With the characterization of the RsbP/Q-dependent response as the (chronologically) second light response of B. subtilis, two separate light activation pathways of σ B have now been described. Therefore, it is relevant to discuss the photobiology of this spore-forming common soil bacterium. In this respect, it is important to note that, just like in the atmosphere and also in a highly (Raleigh) scattering environment like the soil, red light has a higher penetration depth than blue light (288). Nevertheless, the activation of σ B in B.
subtilis via RsbP/Q requires approximately 10-fold-higher light intensity than the YtvAmediated response. This may be due to an intrinsically lower stability of the signaling state formed in the putative photoreceptor involved in the RsbP-dependent response than that of the corresponding state in YtvA (which in vitro has a very low rate of thermal relaxation (< 10
) (277) (Figure 3) , it is equivalent to only ~1 % of the light intensity at noon on a sunny summer day at moderate latitude (453). The σ B response has been characterized as a mechanism for general but low-level protection against a wide range of stresses. Therefore, this response may show cross-talk to many other signal transduction pathways (178). As no other photoreceptors, beyond YtvA and the one involved in the RsbP/Q-mediated light response, have so far been identified in this organism (see also reference (462)), it can now be proposed that this cross-talk includes the sporulation phosphorelay. It has previously been shown that visible light can delay sporulation in B. subtilis by several hours (379). In this study, we observed a YtvA-and light-dependent induction of the sporulation sigma factor σ F (Tables 3 and 4) . A limited overlap exists between the regulons of σ B and σ F , which may explain this observation. Moreover, a decrease in the intracellular GTP concentration has been identified as a potential signal for sporulation (353) and interestingly, the function of YtvA in vivo is abolished when the GTP-binding site of this protein is interrupted (17). These mechanisms could jointly serve as a very primitive type of 'circadian clock' to stimulate the cells to sporulate during the night. Moreover, we have observed that cross talk from the σ B pathway also affects biofilm formation (M. Ávila-Pérez, unpublished results).
Systems biology of B. subtilis
The transition from exponential growth phase to stationary phase in B. subtilis is an extremely complex biological process, regulated through a signal transduction network of which the output characteristics are far beyond intuitive reasoning. Parts of this network have been subject to very detailed mathematical modeling (201, 202), but its systemslevel understanding is not yet within sight. A major difficulty in the further characterization of this network is the absence of well-defined stimuli for activation. The discovery of the two pathways for light activation of σ B has considerably alleviated this situation. Accordingly, light activation of the σ B response has already revealed that current models for the σ B response to salt and ethanol stress may overemphasize the role of RsbX as a feedback loop in this response, because we recently observed that a persistent light stimulus also evokes a persistent σ B response (M. Ávila-Pérez, unpublished results), rather than a transient one (47). Furthermore, the involvement of stressosomes in the activation of σ B through the 'environmental' branch brings up many questions regarding the involvement of cooperativity, stochastics, and cytoplasmic diffusion, etc., in signal transduction that are ideally suited for a systems biology approach. This can now be studied by comparing the responses to low-intensity blue light and moderate-intensity red light.
Molecular basis of the red-light response
The present work does not provide enough data to allow for a conclusion about the mechanism by which light is sensed in the RsbP/Q-dependent response. Since no upstream components of the energy stress pathway are known, we think that RsbP is responsible for the second (red) light effect. Our working hypothesis for the light-sensing mechanism in RsbP is that light absorption by an unidentified chromophore leads to a structural change in its PAS domain, which then activates phosphatase activity in its Cterminal PP2C-type phosphatase domain. We consider it unlikely that the RsbP/Qmediated response activates σ B via a photosensitizer for the following reasons: first, because of the still relatively low light intensity at which saturation is observed of the response that it generates; second, because of the high efficiency of red versus blue light in generating the response; and finally, because of the absence of an induction of oxidative stress responses in the microarray data (Tables 3 and 4) . Furthermore, if so, one would have to postulate that synthesis of the putative photosensitizing pigment is dependent on functional RsbP/Q. There is no evidence available that would support this latter notion. Accordingly, the mechanism of primary photochemistry in the RsbPmediated response must be different from the photochemistry in all six hereto wellcharacterized families of photosensory receptors (461), as well as from the photochemistry involved in phototaxis in hemH mutants of E. coli (512). It has not escaped our attention that other examples of the involvement of as yet uncharacterized photoreceptors, responsible for a red-light-dependent phenotype, are present in the literature. Light regulation of motility in Agrobacterium tumefaciens (352) and Acinetobacter baylyi (M. Bitrian and B.C. Nudel, unpublished experiments) are recent examples. In this respect, it is relevant to mention that RsbP and RsbQ form a bicistronic operon, not only in B. subtilis (54), but in many other organisms as well, be it that the phosphatase domain can be substituted by other output modules like histidine protein kinases or guanylate cyclases (55). RsbP/Q may therefore turn out to be the prototype of a new family of photosensory proteins. yjlB Conserved hypothetical protein of the cupin family.
1.00 1.42 • 10 −5 a 2-log transformation of the ratio between spot intensities in light and dark.
